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This  article  investigates  a  miniature  thermoelectric  module  (MTEM)  for  pulse  laser  cooling.  A  step- 
changed  cooling  model  is  developed  to  predict  the  thermal  performance  of  the  MTEM.  Interfacial  effects 
of  the  MTEM  are  analyzed  by  considering  the  thermal  non-equilibrium  between  electrons  and  phonons 
adjacent  to  thermoelectric/metal  interface.  Parametric  studies  were  performed  to  analyze  the  effect  of 
the  pulse-width  of  laser,  thermal  resistance  of  hot-end  heat  exchanger,  cooling  load  and  the  step-changed 
voltage  on  the  system  cooling  performance.  Particular  attention  is  paid  to  the  influence  of  scaling  effect 
and  supercooling  effect  on  enhancing  the  miniature  thermoelectric  cooling  (MTEC)  performance.  At  a 
specific  cooling  load,  the  effects  of  pulse-changed  and  step-changed  voltage  on  MTEC  are  numerically 
and  experimentally  studied.  The  MTEM  can  deal  with  not  only  the  low  cooling  load  of  continuous  laser, 
but  also  high  cooling  load  of  pulse  laser  which  surpasses  its’  maximum  cooling  capacity.  The  transient 
response  of  cold-end  temperature  experiences  an  underdamped  oscillation  and  finally  reaching  a 
steady-state  value.  A  curve  fitting  equation  for  cold-end  temperature  is  used  to  provide  more  accurate 
temperature  and  understand  the  temperature  control  strategy  for  pulse  laser.  The  numerical  result  shows 
that  the  prediction  by  the  model  agrees  well  with  the  performance  curve  of  datasheet  and  experimental 
data.  It  is  also  found  that  the  voltage  for  achieving  the  maximum  cooling  capacity  experiences  step 
decrease  with  the  increase  of  thermal  resistance  of  hot-end  heat  exchanger. 

©  2014  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

Laser  is  the  high  thermal  flux  electro-optic  equipment  where 
performance  and  reliability  are  a  strong  function  of  operating  tem¬ 
perature.  Research  results  indicate  that  a  laser’s  wavelength-tem¬ 
perature  sensitivity  is  about  0.2-0.5  nm/°C  [1].  So,  thermal 
management  of  semiconductor  laser  requires  high  heat  flux  cool¬ 
ing  capability  (>100W/cm2),  tight  temperature  control  (approx. 
±2  °C),  reliable  start-up  (on  demand)  and  long  term  stability.  Spray 
cooling,  micro-channel,  water  chiller  system,  and  thermoelectric 
cooling  system  are  all  used  to  cool  the  laser  equipment,  respec¬ 
tively.  However,  there  is  a  technology  challenge  associated  with 
the  implementation  and  practice  in  the  zero-gravity  environment 
of  spray  cooling,  micro-channel  and  water  chiller  system. 

Thermoelectric  cooler  (TEC)  is  a  promising  solid-state  active 
heat  pump  with  high  cooling  power  density  and  small  feature  size 
for  micro-electronically  integrated  cooling  [2,3].  The  heat  pro¬ 
duced  by  electronic  devices  can  be  absorbed  rapidly  by  TEC  and 
dissipated  through  the  radiator.  They  are  widely  employed  in 
microelectronics  to  stabilize  the  temperature  of  laser  diodes,  to 
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cool  infrared  detectors  and  charge-coupled  devices,  and  to  reduce 
unwanted  noise  of  integrated  circuits.  But  the  conventional  bulk 
TECs  are  incompatible  with  microelectronic  fabrication  process 
for  laser  cooling  [3],  the  micro  TECs  are  incompatible  with  little 
temperature  difference  and  little  cooling  capacity  for  laser  cooling 
[4].  Therefore,  the  miniature  thermoelectric  cooler  (MTEC),  is 
defined  here  as  those  whose  maximum  dimension  is  on  order  of 
millimeter  (0(mm)),  with  a  maximum  dimension  not  to  exceed 
about  1  cm,  have  been  designed  by  using  micromachining  technol¬ 
ogy  and  can  be  integrated  into  microelectronic  circuits  for  global 
cooling.  Laser  diodes  traditionally  have  used  MTECs  for  precision 
temperature  control  to  improve  diode  output  levels  and  maintain 
wavelength  integrity  [5,6].  It  also  demonstrated  that  if  no  TEC 
adopted  in  butterfly  laser  module,  the  power  emitting  from  laser 
module  will  be  reduced  to  46%  when  ambient  temperature  rise 
from  20  °C  to  85  °C  [1]. 

To  address  the  thermal  problem  of  lasers,  many  investigators 
have  researched  interrelated  thermal  characteristics  of  semicon¬ 
ductor  laser.  In  the  actual  laser  diode  operation,  several  modeling 
works  of  laser  diode  containing  a  TEM  have  been  reported,  by 
assuming  the  cold-side  of  TEM  is  kept  at  25  °C  for  different  ambi¬ 
ent  temperature  [6-8].  Finite  element  models  (FEMs)  were  all 
constructed  using  Ansys  [7-12]  or  COMSOL  [13]  software.  Their 
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Nomenclature 

A 

cross-sectional  area  (m2) 

ffrcmin 

the  voltage  for  achieving  the  minimum  steady  cold-end 

C 

heat  capacity  (J  kg-1  K1) 

temperature  Tcmin  (V) 

COP 

coefficient  of  performance  of  thermoelectric  cooling 

f^ATmax 

the  voltage  for  achieving  the  largest  temperature  differ¬ 

system 

ence  between  the  hot-end  and  the  cold-end  (V) 

Rh 

thermal  resistance  of  hot-end  heat  exchanger  (°C  W_1) 

X 

coordinate  (m) 

I< 

thermal  conductivity  (W  m_1  K1) 

Lte 

length  of  thermoelectric  element  (m) 

Greek  letters 

Qc 

heating  load  of  laser  (W) 

a 

seebeck  coefficient  of  thermoelectric  module  (VIC1) 

t 

time  (s) 

U*pn 

seebeck  coefficient  of  thermoelectric  element  (VIC1) 

tPi 

the  pulse  width  of  laser  (s) 

P 

density  of  thermoelectric  elements  (kg  m-3) 

tpu 

the  holding  time  of  the  step-changed  voltage  Up  (s) 

G 

electrical  conductivities  (Q-1  m-1) 

T 

temperature  (°C) 

AT 

the  temperature  difference  between  hot-end  and  cold- 

Suhsrrints 

end  of  MTEM  (°C) 

C 

cold-end  of  the  TE  element 

I 

electric  current  (A) 

h 

hot-end  of  the  TE  element 

U 

applied  voltage  (V) 

Cl 

ambient 

vP 

the  step-change  voltage  (V) 

investigations  showed  that  main  factors  that  affect  the  TEC  perfor¬ 
mance  are  the  heat  generation  of  laser  diode,  thermal  resistance  of 
thermal  path,  heat  exchanger,  and  the  ambient  temperature. 
Labudovic  and  Jin  [5]  built  a  three-dimensional  finite  element 
model  of  laser  containing  on  thermoelectric  cooling  in  ANSYS. 
The  modeling  results  show  good  agreement  with  the  experimental 
results  obtained  by  IR  thermometry.  Novak  et  al.  14]  compared  a 
standard  pulse-width  modulation  controller  and  a  variable-voltage 
controller  based  on  TEMs  for  a  thermal  management  system  of 
pulse  laser.  They  showed  that  the  design  of  the  thermal  manage¬ 
ment  system  based  on  the  variable-voltage  controller  offers  a  sig¬ 
nificant  performance  advantage  over  the  pulse-width  modulation 
design.  We  realize  that,  for  actual  applications,  it  is  important  to 
discuss  the  transient  characteristics  of  MTEM  for  laser  to  enhance 
the  cooling  performance. 

According  to  the  above  review  of  previous  research  on  thermal 
management  of  laser  with  TEC,  it  observed  that  previous  studies 
mainly  focused  on  investigation  of  the  thermal  characteristics  of 
laser  in  a  FEM  software,  by  assuming  the  cold-side  temperature 
of  TEM  is  a  constant.  However,  there  is  no  open  report  on  the  ana¬ 
lytical  model  to  study  the  performance  of  MTEM  for  laser  diodes. 
Actually,  the  cooling  capacity  of  MTEM  is  little  for  laser,  especially 
for  pulse  laser  with  high  thermal  flux.  So  it  is  important  to  enhance 
the  performance  of  MTEM  by  introducing  the  transient  supercool¬ 
ing  effect.  Furthermore,  the  cold-side  temperature  of  MTEM  is  a 
function  of  time,  especially  for  the  pulse  laser  with  pulse  cooling 
load.  So  it  is  important  to  study  the  transient  characteristics  of 
MTEM  for  laser  cooling.  However,  the  performance  of  the  TEM  is 
much  sensitive  to  the  thermal  resistance  between  the  TEM  and 
the  ambient  air  [2,15].  In  addition,  the  operating  ambient  temper¬ 
ature  variation  range  of  laser  is  from  -20  °C  to  70  °C  [13].  But  the 
previous  study  generally  assumed  the  ambient  temperature  is 
25  °C.  So  it  is  important  to  discuss  the  influence  of  thermal  resis¬ 
tance  between  the  MTEM  and  the  ambient  to  maintain  the  temper¬ 
ature  of  laser  under  higher  ambient  temperature. 

2.  Description  of  the  mathematic  model 

A  SP5083  is  used  to  study  the  performance  of  typical  MTEM 
[16].  The  performance  specifications  of  SP5083  are  listed  in  Table  1 
in  this  work  [17].  The  dimension  of  MTEM  is  smaller  than  bulk 
TEM,  but  larger  than  micro  TEM.  The  thickness  Lte  of  thermoelectric 


leg  of  SP5053  is  about  1  mm,  so  whether  the  interfacial  effects  will 
affect  the  thermal  distribution  of  thermoelectric  element  should  be 
discussed. 

The  phonon  and  electron  thermal  and  electrical  boundary  resis¬ 
tances  are  different,  respectively.  So  the  Joule  heating  and  Peltier 
cooling/heating  are  also  different  adjacent  to  the  interface,  which 
will  require  a  distance  (<5),  so-called  as  cooling  length,  to  reach 
equilibrium  [18,19].  The  cooling  length  of  SP5083  is  0.15645  pm. 
The  electron  and  phonon  temperature  distribution  along  the  ther¬ 
moelectric  element  are  computed  according  to  the  literature  [18]. 
We  observed  that  Lte  =  0.2222  mm  is  the  critical  value  for  consider¬ 
ing  the  interfacial  effects.  So  the  simulation  model  of  bulk  TEM  is 
suited  for  the  MTEM. 

The  transient  cold-end  temperature  (Tc)  of  MTEM  is  the  most 
important  monitoring  value  for  laser  thermal  management.  So  a 
one-dimensional  partial  differential  Eq.  (1)  is  proposed  to  obtain 
the  Tc.  Firstly,  the  heat  load  of  laser  (Qc)  is  considered  as  a  constant. 
Secondly,  at  t  =  0  s  the  whole  element  has  the  uniform  initial  tem¬ 
perature  T,  which  equals  the  ambient  temperature  (Ta). 

The  thermal  partial  differential  equation  of  thermoelectric  ele¬ 
ment  [15,20]: 


^dT  ,  d2 T  I2 

pCdt  ~kdx2  +  oA2 

(i) 

Initial  conditions: 

T(:,0)  =  Ta 

(2) 

Boundary  conditions: 

dx  dTc  dT  I2dx 

x  —  0,pA- ~  Qc  +  (3) 


=  0.5 apnITh  +  ^  +  \<A g  |x=1  -  (Th  -  Ta)/Rh  (4) 

The  energy  conversion  of  thermoelectric  leg  is  described  by 
Fig.  1  [21,22].  The  equations  are  derived  using  the  finite  volume 
method  according  to  the  law  of  energy  conservation  along  the 
length  direction  of  the  TE  leg.  The  following  assumptions  are  made 
in  solving  the  differential  equation.  Firstly,  the  length  of  the  finite 
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Table  1 

Parameters  of  SP5083. 


Type 

Couples 

Current 

Voltage 

Maximum  cooling 

Maximum  temperature  difference 

Reference 

Dimensions 

N 

/max  (A) 

Umax  (V) 

capacity  Qm ax  (W) 

between  hot-end  and  cold-end  A Tmax  (°C) 

temperature  at  hot- 
end  Th  (°C) 

SP5083 

23 

1.9 

2.61 

3.2 

65 

27 

6.02(L)  x  8.18(W)  x  1.65(H) 

1.8 

3.31 

4.0 

86 

85 

Cooling 

load 


Heat 

disspation 


Fig.  1.  Energy  conversion  of  thermoelectric  leg. 


has  to  work  with  good  stability  within  a  wide  range  of  case  tem¬ 
peratures  (Tc)  between  0°C  and  75  °C  [5].  But,  most  applications 
will  maintain  at  a  constant  temperature  (typically  25  °C).  For  ambi¬ 
ent  temperature  >25  °C,  MTEM  can  absorb  heat  from  the  laser  by 
taking  in  direct  electrical  voltage.  For  ambient  temperatures 
<25  °C,  MTEM  can  pump  heat  to  the  laser  by  taking  in  a  reverse 
voltage.  The  laser  device  is  usually  operating  integrated  with  other 
electric  components,  so  the  operating  ambient  temperature  is  usu¬ 
ally  higher  than  conventional  ambient  temperature.  To  predict  the 
cooling  performance  of  MTEM  under  high  ambient  temperature, 
the  ambient  temperature  (Ta)  is  set  for  70  °C. 

Thermal  resistance  ( Rh )  is  a  very  important  parameter  as  it  is 
the  bottleneck  for  effective  heat  removal  from  the  hot  end  of  the 
TEM  to  the  ambient,  which  can  increase  the  temperature  at  the 
cold  junction  of  TEC  and  laser,  especially  in  high  temperature 
environment. 


3.1.  The  steady-state  cooling  performance  of  MTEM  at  lower  and 
higher  ambient  temperature 


element  is  set  for  ‘dx’.  Secondly,  the  length  of  the  finite  element  is 
set  for  ‘dx/2’  to  extract  the  temperature  values  of  the  cold-end  and 
hot-end.  For  Eq.  (1),  the  left  hand  represents  that  the  thermal  in¬ 
crease  rate  of  finite  element.  The  right  hand  represents  the  Fouier 
heat  and  Joule  heat  of  the  finite  element.  For  Eq.  (3),  the  left  hand 
represents  that  the  thermal  increase  rate  of  finite  element  at  the 
cold-end.  The  right  hand  represents  the  Fouier  heat,  Joule  heat 
and  Peltier  cooling.  For  Eq.  (4),  the  left  hand  represents  that  the 
thermal  increase  rate  of  finite  element  at  the  hot-end.  The  right 
hand  represents  the  Fouier  heat,  Joule  heat  and  Peltier  heating. 
Joule  heat  is  the  volume  heat  generation.  Fouier  heat  is  thermal 
conduction  which  is  proportional  to  the  magnitude  of  the  temper¬ 
ature  gradient  and  opposite  to  it  in  sign.  Peltier  cooling  absorbed 
heat  at  the  cold-end,  and  Peltier  heating  release  heat  at  the  hot- 
end. 

The  total  voltage  across  the  terminals  of  a  TEM  is  composed  of 
the  voltage  generated  by  Seebeck  effect  and  the  voltage  drop  due 
to  the  module’s  internal  electrical  resistance.  Where  I  in  equations 
can  substitute  with  the  following  equation: 

I  =  (U  -  a(Th  -  Tc))/R  (5) 

Here,  The  MTEM  Seebeck  coefficient  ot,  the  MTEM  internal  elec¬ 
trical  resistance  R  and  the  MTEM  thermal  conductance  K  are 
0.0092  VIC1,  1.3973  0,  0.0263  W m^IC1,  respectively  [23,24]. 
The  Seebeck  coefficient  ocpn,  the  thermal  conductivity  k,  the  electri¬ 
cal  conductivity  o  of  the  thermoelectric  leg  are  0.0004 VIC1, 
1.7791  Wm"1  IC1  and  105776  Q”1  m“\  respectively  [15,20].  The 
volumetric  heat  capacity  thermoelectric  element  C  is  200  J  kg-1  IC1, 
the  density  of  thermoelectric  element  p  is  10922.08  kg  m-3 
[15,25]. 

3.  Numerical  simulation  results  and  discussion 

Generally,  the  laser  works  in  a  large  range  of  ambient  tempera¬ 
ture  (-20  °C  to  70  °C)  [13].  The  requirement  for  the  operating  tem¬ 
perature  of  the  lasers  is  becoming  more  demanding;  the  module 


The  hot-end  heat  exchanger  of  the  TEM,  which  is  used  to  release 
the  hot-end  heat  generation  of  TEM  to  the  environment,  has  an 
important  influence  on  cooling  performance  of  TEM.  So  it’s  not  fea¬ 
sible  to  choose  MTEMs  for  laser  cooling  according  to  the  datasheet. 
The  relationship  between  the  performance  and  thermal  resistance 
of  heat  exchanger  is  studied  for  selecting  a  TEM  that  thermally 
“matches”  the  heat  exchanger  used  in  practical  application.  To  ex¬ 
plore  the  practical  maximum  cooling  capacity  of  SP5083  when  the 
cold-end  temperature  maintains  at  25  °C,  the  range  of  the  thermal 
resistances  of  hot-end  heat  exchanger  considered  in  this  paper  is 
assumed  to  be  0-10  °C  W_1.  The  steady-state  cooling  performance 
is  studied  to  examine  the  practical  maximum  cooling  capacity  of 
SP5083. 

The  voltage  L/Qcmax  for  achieving  the  maximum  cooling  capacity 
Qcmax  of  SP5083  at  different  Rh  is  shown  in  Fig.  2.  The  Qcmax  de¬ 
creases  with  the  increase  of  Rh.  The  maximum  cooling  capacity  of 


Fig.  2.  The  voltage  Uqc max  for  achieving  the  maximum  cooling  capacity  Qcmax  to 
ensure  the  cold-end  temperature  maintain  at  25  °C  when  Ta  =  70  °C. 
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SP5083  is  1.53  W  when  Rh  is  equal  to  0°CW_1,  and  the  voltage 
^Qcmax  for  achieving  the  maximum  cooling  capacity  Qcmax  is  3.12  V. 

There  is  an  interesting  phenomenon  for  UQCmax-  Fig.  2  shows  the 
F^Qcmax  experiences  step  decrease  with  the  increase  of  Rh.  It  is 
because  the  response  of  the  cooling  capacity  is  the  result  of  the 
combined  action  of  the  Peltier  cooling,  Fourier  heat  and  Joule  heat. 
The  cold-end  temperature  maintains  at  constant  value.  When  Rh  is 
small,  the  heat  at  the  hot-end  is  released  to  the  ambient  in  time, 
the  hot-end  temperature  and  Fourier  heat  slowly  increases  with 
the  increase  of  Rh.  The  Peltier  cooling  decreases  with  the  increase 
of  temperature  difference.  The  Joule  heat  decreases  because  the 
Seebeck  voltage  offsets  part  of  the  applied  voltage.  However,  the 
decrease  of  Peltier  cooling  offsets  the  decrease  of  Joule  heat  and 
the  increase  of  Fourier  heat.  Therefore,  the  HQcmax  maintains  at 
constant  at  first.  Then,  as  the  increase  of  Rh ,  the  heat  at  the 
hot-end  cannot  be  released  to  the  ambient  in  time  and  reversely 
transfers  to  the  cold-end  which  adversely  increase  the  hot-end 
temperature  and  Fourier  heat.  It  breaks  the  above  thermal  equilib¬ 
rium.  It  must  decrease  the  applied  voltage  UQCmax  to  decrease  the 
Joule  heat,  which  is  the  dominated  heat  source  according  to  Eq. 
(3).  Then,  in  the  next  region,  HQcmax  maintains  at  constant  again. 
So  UQcmax  experiences  step  decrease  with  the  increase  of  Rh. 

The  resistance  of  hot-side  heat  exchanger  for  TEC  is  reviewed. 
For  micro-channel,  the  range  of  resistance  is  0.5-4  °CW_1  [25], 
the  resistance  of  a  flat  micro-heat  pipe  (The  maximum  heat  trans¬ 
port  per  unit  area  is  1.3  x  105W/m2)isl  °CW_1  [26,27].  According 
to  the  above  analysis,  the  thermal  resistances  Rh  in  this  paper  is  set 
for  2  °C  W_1.  The  cooling  load  is  set  for  1  W  and  10  W. 

Assuming  Qc  =  0  W,  the  steady-state  cold-end  temperature  (Tc) 
and  temperature  difference  (AT)  profile  at  different  ambient 
temperature  is  shown  in  Fig.  3.  It  shows  that  Tc  decreases  with 
the  increase  of  U  at  first  and  reaches  its  minimum  value,  then  in¬ 
creases  with  the  increase  of  U.  This  is  because  that  the  Peliter  cool¬ 
ing  is  proportional  to  the  voltage  and  the  Joule  heating  is 
proportional  to  the  square  of  voltage  and  opposite  to  it  in  sign. 
The  cold-end  temperatures  for  the  same  applied  voltage  at  the 
steady-state  in  Fig.  3  are  different.  It  can  be  attributed  to  different 
hot-end  heat  exchanger  and  ambient  temperature.  The  vary  of  AT 
is  opposite  to  the  vary  of  Tc.  When  Rh  =  0  °C  W-1  and  Ta  =  85  °C,  the 
voltage  for  achieving  the  minimum  cold-end  temperature  and  the 
voltage  for  achieving  the  maximum  temperature  difference  are 
both  equal  to  3.36  V,  respectively.  The  maximum  temperature  dif¬ 
ference  is  equal  to  86  °C.  The  values  are  consistent  with  the  datum 
of  Table  1.  When  Rh  =  2°CW_1  and  Ta  =  70  °C,  the  voltage  for 
achieving  the  minimum  cold-end  temperature  is  3  V,  and  the  volt¬ 
age  for  achieving  the  maximum  temperature  difference  is  3.48  V. 


Fig.  4.  The  transient  varies  of  cold-end  temperature  ( Tc )  and  COPc  under  different  Qc 
when  Rh  =  2\N  °C_1. 


3.2.  The  transient- state  cooling  performance 

The  transient  cold-end  temperature  and  coefficient  of  perfor¬ 
mance  (COP)  are  analyzed  at  different  cooling  load  are  applied  to 
SP5083,  as  shown  in  Fig.  4.  It  shows  that  when  the  cooling  load 
of  laser  is  1  W,  the  cold-end  temperature  decreases  with  time  at 
first  and  then  maintains  at  25  °C.  The  COP  decrease  to  0.23  at  first, 
and  then  increase  with  time  and  finally  maintains  at  0.385.  But 
when  cooling  load  of  laser  is  10  W,  the  cold-end  temperature  de¬ 
creases  to  25  °C  with  time  at  first,  then  increases  with  time  and  fi¬ 
nally  maintains  at  652  °C.  The  COP  decrease  with  time  and 
maintains  at  0.003.  This  is  because  that  the  cold-end  temperature 
is  the  result  of  the  combined  action  of  the  cooling  load,  Peltier  heat, 
Fourier  heat  and  Joule  heat.  The  Peltier  heat  dominates  at  the  cold- 
end  in  the  very  beginning.  Then,  the  influence  of  the  cooling  load 
and  Joule  heat  become  larger  than  others,  when  the  cooling  load 
or  applied  voltage  is  larger.  Therefore,  the  cold-end  temperature 
is  too  large  when  cooling  load  is  equal  to  10  W  and  the  applied 
voltage  is  equal  to  29  V,  respectively. 

The  above  analysis  illustrates  that  the  MTEM  will  lose  cooling 
capacity  when  cooling  load  is  larger  than  1.53  W.  So  the  transient 
supercooling  effect  of  TEC  is  introduced  for  the  pulse  laser  with 
high  thermal  flux  15,28],  which  can  obtain  an  instantaneously 
lower  temperature  than  that  reachable  at  steady-state. 

3.3.  The  pulse  supercooling  for  pulse  laser 


To  investigate  the  transient  supercooling  effect  for  pulse  laser 
with  high  thermal  flux,  the  step  changes  were  introduced  into 
the  applied  voltage.  The  cooling  load  pulse  in  a  period  as  a  function 
of  time  is  given  by 


'  0,0  <  t  <  5 
10,5  <  t  <  5  +  tp 
0,5  +  tp  <  t  <  10 


(6) 


where  tp  is  the  pulse-width  of  laser.  When  the  cooling  load  is  0  W 
and  the  applied  voltage  U  is  1.662  V,  the  cold-end  temperature  is 
maintained  at  25  °C.  So  the  applied  voltage  pulse  in  a  period  as  a 
function  of  time  is  given  by 

1.662, 0  <  t  <  5 

Up,  5  <  t  <  5  +  tp 

1.662, 5 -Ftp  <  t  <  10 


Fig.  3.  The  steady-state  cold-end  temperature  (Tc)  and  temperature  difference  AT 
under  different  Rh  when  Qc  =  0  W. 


(7) 
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where  Up  is  the  applied  voltage  pulse  of  MTEM.  Shen  et  al.  [15] 
demonstrated  that  when  the  applied  voltage  suddenly  changes 
from  U  to  Up,  the  voltage  pulse  will  produce  a  large  transient  super¬ 
cooling  temperature  if  Up  >  U,  it  will  produce  an  overshoot  in  the 
cold-end  temperature  if  Up  <  U.  However,  it  is  of  crucial  importance 
to  maintain  the  laser  diode  temperature  in  a  narrow  range  during 
operation  in  order  to  achieve  satisfactory  performance  and  reliabil¬ 
ity  of  the  laser.  Therefore,  a  proper  Up  is  repeatedly  calculated  and 
analyzed  to  ensure  the  temperature  accuracy  (±2  °C).  To  analyze 
the  influence  of  pulse-width,  the  tp  is  set  for  0.01  s,  0.02  s,  0.05  s 
and  0.1  s,  respectively.  The  applied  voltages  change  to  8  V  at  5  s, 
and  then  change  back  to  1.662  V  at  (5  +  tp )  s.  To  analyze  the  influ¬ 
ence  of  Up,  Up  is  set  for  8  V  and  10  V.  The  comparison  is  carried 
out  when  the  tp  is  0.05  s  and  0.1  s,  respectively. 

Fig.  5  shows  that  the  transient  responses  of  cold-end  tempera¬ 
ture  when  a  cooling  load  pulse  and  a  voltage  pulse  are  applied. 
When  the  applied  voltage  suddenly  changes  from  1 .662  V  to  Up 
at  5  s,  the  cold-temperature  drops  immediately  and  then  slowly  in¬ 
creases  with  time.  There  is  an  overshoot  for  cold-end  temperature 
when  the  applied  voltage  suddenly  changes  from  Up  to  1.662  V  at 
(5  +  tp)  s.  The  overshoot  increases  with  the  increase  of  tp  and  Up, 
respectively.  It  is  because  the  response  of  the  cold-end  tempera¬ 
ture  is  the  result  of  the  combined  action  of  the  Peltier  heat,  Fourier 
heat,  Joule  heat  and  cooling  load.  The  overshoot  illustrates  that  the 
transient  supercooling  effect  of  MTEM  enhances  the  Peltier  heat 
and  puts  off  the  effect  of  cooling  load.  And  the  overshoot  is  much 
larger  than  2  °C. 

Comparing  Fig.  4  with  Fig.  5,  it  may  be  feasible  to  utilize  step- 
changes  voltage  to  reduce  the  time  to  reach  the  stable  temperature 
and  decrease  the  overshoot.  The  parameters  of  pulse-width  of  laser 
and  the  step-changes  of  applied  voltage  are  repeatedly  calculated 
and  analyzed  to  develop  a  similar  second-order  underdamped  pro¬ 
file  for  cold-end  temperature. 

The  cooling  load  in  a  period  is  given  by  Eq.  (8) 

0,0  <  t  <  4 
10,4  <4.02 

0,4.02  <  t  <  10 


But  the  applied  voltage  in  a  period  experiences  step  change 
from  1.662  V  to  8  V  at  4  s,  change  to  2.8  V  at  4.02  s,  change  to 
2.15  V  at  4.05  s,  change  to  1.84  V  at  4.25  s,  then  change  to  1.7  V 
at  4.55  s,  and  finally  change  back  to  1.662  V  at  5.05  s.  The  pulse 
cooling  load,  the  input  step  voltage  U  and  the  response  of 


t(s) 


Fig.  5.  The  transient  responses  of  cold-end  temperature  (Tc)  when  a  cooling  load 
pulse  and  a  voltage  pulse  are  applied. 


Fig.  6.  The  transient  responses  of  cold-end  temperature  (Tc)  when  a  cooling  load 
pulse  and  a  step-changed  voltage  are  applied. 


cold-end  temperature  profile  with  blue  line  are  as  shown  in 
Fig.  6,  where  the  red  line  in  the  plot  represents  the  fitting  curve. 
The  response  of  cold-end  temperature  is  similar  to  the  under¬ 
damped  oscillation.  It  shows  that  the  cold-end  temperature  main¬ 
tains  at  25  ±  2  °C.  Comparing  Fig.  5  with  Fig.  6,  the  transient 
supercooling  effect  can  reduce  the  applied  voltage  to  achieve  the 
required  temperature. 

A  series  of  calculations  was  carried  out  to  construct  parameters 
for  the  fitting  equation.  The  equation  of  cold-end  temperature  is 
fitted  according  to  second-order  underdamped  step  function.  The 
fitting  equation  of  Tc  is  given  by 

Tc  =  25 -  o.le_eWn<t_4)  sin(ft)„^/(l  -e2)(t  -  4))  j ^(1  -  e2) 

(9) 

where  s  is  equal  to  0.15,  con  is  equal  to  25.  It  helps  to  understand  the 
action  of  controller  design  and  to  provide  a  control  strategy  for  the 
temperature  controller  of  pulse  laser. 


4.  Experimental  study 

A  MTEC-based  thermal  management  system  of  a  pump  laser 
system  was  set  up.  The  experimental  testing  rig  is  shown  schemat¬ 
ically  in  Fig.  7.  In  measuring  the  transient  response  of  cold-end 
temperature  of  SP5083,  the  pump  lasers’  heat-generating  capabil¬ 
ity  was  mimicked  using  a  set  of  1  Q  elements,  the  element  is 
placed  in  a  copper  shell,  there  is  a  convex  platform  structure  to 
connect  with  the  cold-end  of  SP5083.  The  hot-end  of  SP5083  was 
connected  with  a  forced  convection  heat-sink.  The  thermal  resis¬ 
tance  of  heat-sink  is  a  function  of  operating  temperature,  so  the 
transient  response  is  shown  in  the  following  figures.  The  average 
value  of  R  is  1.8  °C  W_1  which  is  approximately  equal  to  the  setting 
numerical  value.  The  DC  voltage  is  supplied  by  KXN-6020D,  the 
range  of  output  DC  voltage  is  -60  V  to  60  V  and  the  range  of  output 
DC  current  is  -20  A  to  20  A.  The  cold-end  temperatures  measured 
by  type  T  thermocouples  are  transmitted  to  the  data  logger  Keith- 
ley2700  and  then  to  the  computer  via  RS232  interface  for  analysis. 
The  experimental  equipment  was  housed  in  70  °C  thermostat. 

The  step-response  simulations  and  the  corresponding  measure¬ 
ments  were  carried  out  in  order  to  demonstrate  the  proposed 
step-change  strategy  of  applied  voltage  for  pulse  laser  as  well  as  to 
compare  the  performance  of  pulse  voltage  and  step-change  voltage. 
With  the  heater  turning  on  and  off  and  the  applied  voltage  of  MTEM, 
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Fig.  7.  The  schematic  diagram  of  experiment. 


the  resulting  cold-end  temperature  of  MTEM  will  be  response  to  the 
changes  of  the  applied  voltage. 

Two  groups  of  experiment  tests  were  performed.  In  the  first 
group  of  tests,  the  applied  voltages  experienced  one  pulse  change 
from  1 .7  V  to  8  V  when  the  MTEM  worked  at  the  steady-state  with 
applied  voltage  1.7  V  and  sustained  30  s,  then  returned  to  1.7  V. 
The  cooling  load  experienced  one  pulse  change  from  0W  to 
10W  and  sustained  30  s,  then  returned  to  0  W.  The  cold-end  tem¬ 
perature,  applied  voltage  and  ambient  temperature  are  shown  in 
Fig.  8.  In  the  second  group  of  tests,  the  applied  voltages  experi¬ 
enced  fifth  step-changes,  from  1.7  V  to  8  V,  5  V,  3.3  V,  and  then 
to  2.5  V  when  the  TEM  worked  at  the  steady-state  with  applied 
voltage  1.7  V,  then  returned  to  1.7  V  until  the  cold-end  tempera¬ 
ture  reaches  stable.  The  cooling  load  experienced  one  pulse  change 
from  0  W  to  10  W  and  sustained  30  s,  then  returned  to  0  W.  The 
cold-end  temperature,  applied  voltage  and  ambient  temperature 
are  shown  in  Fig.  9. 

Fig.  8  shows  that  a  fixed  voltage,  i.e.  1.7  V,  is  supplied  to  MTEM 
at  the  beginning.  The  cold-end  temperature  of  MTEM  decreases 
rapidly,  then  the  decreasing  level  becomes  small,  till  Tc  reaches 
stable  at  41.9  °C.  As  the  steady-state  is  achieved,  the  applied 
voltage  and  heater  then  starts  pulse-change  to  8  V  and  10W, 
respectively.  Tc  drops  rapidly  and  reaches  the  minimum  41.7  °C, 


Fig.  8.  Transient  cold-end  temperature  ( Tc )  profiles  of  MTEM  when  cooling  load  and 
applied  voltage  respectively  experienced  one  step  change. 


t  (min) 

Fig.  9.  Transient  cold-end  temperature  (Tc)  profiles  of  MTEM  when  cooling  load 
experienced  one  step  change  and  applied  voltage  experienced  fifth  step  changes. 


then  increases  to  65.7  °C.  Then  the  applied  voltage  returns  to 
1.7  V,  Tc  decreases  to  the  stable  temperature,  the  overshoot  sus¬ 
tains  15  min.  Fig.  9  shows  that  when  Tc  firstly  reaches  stable  at 
41.4  °C,  the  applied  voltage  then  starts  step-changes  and  heater 
starts  pulse-change,  Tc  rapidly  increases  to  57.8  °C  and  rapidly  de¬ 
crease  to  42.2  °C.  When  the  applied  voltage  returns  to  1.7  V,  Tc  de¬ 
creases  to  the  stable  temperature,  the  overshoot  sustains  9.5  min. 
Comparing  Fig.  8  with  Fig.  9,  the  step-changes  voltage  reduces 
the  hold  time  of  overshoot. 

Comparing  Fig.  8  with  Fig.  5,  the  temperature  of  numerical 
simulation  profiles  well  captured  general  trends  as  shown  in  the 
experiment  tests.  But  the  pulse  supercooling  effect  is  un- 
conspicuous  in  the  experiment  tests.  Comparing  Fig.  9  with 
Fig.  6,  it  is  also  found  that  the  cold-end  temperature  does  not  expe¬ 
rience  the  underdamped  oscillation  in  the  experiment  test,  and  the 
cold  temperatures  in  the  experiment  tests  are  larger  than  the  cold 
temperatures  in  the  numerical  tests.  Two  reasons  can  be  described 
the  degradation  phenomena  in  performance.  Firstly,  the  thermo¬ 
couple  is  placed  in  the  heater  which  thermal  capacity  of  heater 
results  in  the  small  decrease  of  the  cold-end  temperature  and  the 
sluggish  response,  and  the  cold  temperature  in  the  test  is  an  indi¬ 
rect  measurement  value  for  the  inevitable  measurement  error.  On 
the  other  hand,  the  interface  resistances  result  in  the  increase  of 
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the  cold-end  temperature  [15].  Furthermore,  the  tp  is  equal  to  30  s 
in  experiment  which  is  larger  than  the  numerical  value.  This  is  be¬ 
cause  that  the  heater  turning  on  and  off  and  the  step  change  volt¬ 
age  are  manually  controlled,  so  the  tp  is  set  for  30  s  for  convenient 
operation.  Therefore,  the  cold-end  temperatures  obtained  in  exper¬ 
iment  tests  are  higher  than  those  in  simulation  tests  and  the  time 
scales  in  the  results  are  different. 

5.  Conclusion 

In  summary,  this  study  explores  the  scaling  effect  and  transient 
supercooling  effect  of  MTEM.  It  also  develops  a  computation  model 
for  MTEM.  The  step-changes  voltage  for  MTEM  cooling  pulse  laser 
is  investigated  here.  The  profiles  of  the  cold-end  temperatures  of 
MTEM  when  the  applied  voltage  experiences  step-change  and 
pulse  change  are  obtained  from  both  numerical  simulation  and 
experiment  tests,  respectively.  The  analysis  shows  that  the  step- 
change  voltage  can  be  very  effective  to  reduce  the  overshoot  and 
hold  time  of  overshoot.  The  efficient  utilization  of  step-change 
voltage  for  pulse  cooling  load  maybe  produces  a  stable  tempera¬ 
ture  for  pulse  laser.  The  numerical  results  agree  well  with  the  data¬ 
sheet  of  MTEM  and  experimental  data.  An  interesting  phenomenon 
is  also  found  that  the  voltage  for  achieving  the  maximum  cooling 
capacity  experiences  step  decrease  with  the  increase  of  thermal 
resistance  of  hot-end  heat  exchanger.  A  fitting  equation  was  devel¬ 
oped  to  simulate  the  response  of  cold-end  temperature.  The  fitting 
equation  can  also  be  applicable  for  the  design  and  optimization  of  a 
temperature  controller  as  well  as  proper  thermal  management  for 
a  laser  module  cooled  by  TEC.  The  numerical  model  can  be  applied 
to  the  performance  prediction  and  optimization  of  miniature  ther¬ 
moelectric  cooler.  The  simulation  results  can  be  used  as  feasibility 
and  effectiveness  reference  by  employing  step-change  voltage  into 
MTEM  for  pulse  laser  cooling. 
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